Enniatins (ENs), a group of antibiotics commonly produced by various strains of Fusarium, are six-membered cyclic depsipeptides formed by the union of three molecules of D-α-hydroxyisovaleric acid and three N-methyl-L-amino acids. The endophyte Fusarium tricinctum Corda was isolated from the fruits of Hordeum sativum Jess. and cultivated on a rice medium. The fungal metabolites were extracted with methanol and were identified, employing liquid chromatography-mass spectrometry as ENs A, A1, B, B1, B2 and Q. EN Q is a new analog of EN A and the occurrence of EN B2 is reported for the first time from this endophyte, in addition to four well-known ENs (A, A1, B and B1) . The methanol extract of F. tricinctum showed mild antibacterial and antileishmanial activities. Additionally the tested extract displayed inhibition of the activity of thioredoxin reductase enzyme of Plasmodium falciparum.
INTRODUCTION
Enniatins (ENs) are antibiotics produced by members of Fusarium, Halosarpheia, Verticillium and Alternaria. 1, 2 The ENs are biosynthesized from three molecules of N-methyl-L-amino acids and three molecules of D-α-hydroxyisovaleric acid to form an 18-membered cyclic depsipeptide. 3 ENs exhibit their antimicrobial, herbicidal and insecticidal activities 4 by disrupting the ion selectivity of the cell walls. 5 They are capable of forming stoichiometric complexes with various cations facilitating the transport of the latter through biological membranes (especially the mitochondrial membranes resulting in uncoupling of oxidative phosphorylation). 6 Another reported mechanism for the insecticidal activity of ENs involves their capacity to inhibit the acyl-CoA:cholesterol acyltransferase activity. 7 The mechanism of action of antiplasmodial and antimycobacterial activities of ENs is still awaiting clarification. 1 The already characterized ENs are A, A1, B and B1. 8, 9 Other reported EN analogs include B2, B3, B4, D, E, F, G, H, I and 1688 MK. 7, 10, 11 In the present study, Fusarium tricinctum Corda was isolated from the fruits of Hordeum sativum Jess. and subsequently cultivated on a rice medium. The methanol extract of the endophyte was analyzed by liquid chromatography-mass spectrometry (LC-MS) and liquid chromatography-tandem mass spectrometry (LC-MS/MS), which resulted in the characterization of six EN antibiotics (A, A1, B, B1, B2 and Q). In addition to the five known ENs (A, A1, B, B1 and B2), 12 a new analog of EN A was identified and designated as EN Q. It is noteworthy that the EN B2 has not been previously reported from the fungus under study.
MATERIALS AND METHODS

Chemicals and growth media
All organic solvents were of high-performance liquid chromatography grade and were purchased from Thermo Fisher (Hanover Park, IL, USA). Purified water was prepared using a Milli-Q purification system (Millipore, Billerica, MA, USA). Rice medium was prepared by overnight maceration of 100-g white rice in 100 ml of water in a one liter Erlenmeyer flask, before autoclaving at 1.055 kgf cm − 2 for 30 min.
Fungal culture and extraction of secondary metabolites
The endophyte F. tricinctum was isolated from the fruits of H. sativum Jess. and grown on three 1000-ml Erlenmeyer flasks each containing 100 g of rice that were soaked overnight in distilled water (100 ml) before being autoclaved at 1.055 kgf cm − 2 for 30 min. After the flasks had cooled down to room temperature, they were inoculated with hyphal tips of the fungus and left to grow in the incubator for three weeks at 25°C. Following incubation, the fermented rice substrate in each flask was first homogenized with a homogenizer (Bee International, South Easton, MA, USA) and then extracted three times with 200 ml of methanol each time. The combined methanol extracts were filtered through Whatman No.1 filter paper (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) and then concentrated using a rotary evaporator (Buchi, Flawil, Switzerland) and fully dried using nitrogen stream (Organomation Associate, Berlin, MA, USA). The dried extract was stored at − 20°C until analyzed by LC-MS.
LC-MS and LC-MS/MS analyses
The LC separation of the fungal secondary metabolites was achieved employing a ZORBAX Eclipse XDB-C 18 column (5 μm, 4.6 × 150 mm) (Agilent Technologies, New Castle, DE, USA). Elution of the metabolites was carried out using a gradient mobile phase consisting of (A) 0.1% formic acid in water and (B) methanol at 25°C. The flow rate was 0.6 ml min − 1 . A linear gradient was run as follows: 0 min, 0% B; 6 min, 10% B; 8 min, 60% B; 40 min, 100% B; 42 min, 0% B. A total of 5 mg of methanol extract was dissolved in 1 ml methanol and then diluted 1:60. Sample injection volume was 0.001 ml at a concentration of 0.083 mg ml − 1 . The gradient was started immediately after the sample injection. Detection of compounds was achieved by using an Agilent 6520 quadrupole-time-of-flight (Q-TOF) mass spectrometer equipped with a 1220 rapid resolution liquid chromatography (RRLC) system and an electrospray ion source (Agilent Technologies, Little Falls, DE, USA) was used for fingerprinting and chemical profiling of the fungal extract.
Evaluation of antibacterial, antifungal, antileishmanial and antimalarial activities
All conditions for the antibacterial, antifungal, antileishmanial and antimalarial screening tests were the same as those previously published methods. 13 The antibacterial activity of the methanol extract was tested against Gram-positive bacteria methicillin-resistant Staphylococcus aureus ATCC 12228 and Mycobacterium intracellulare ATCC 13950, and Gram-negative bacteria E coli ATCC 25922 and Pseudomonas aeruginosa ATCC 1045, and the antifungal activity was tested against Candida albicans ATCC 10231, C. glabrata ATCC 90030, C. krusei ATCC 14243, Aspergillus fumigatus ATCC 1022 and Cryptococcus neoformans ATCC MYA-4567. Alamar Blue (Laboserv, Giessen, Germany) assay was used to determine the antileishmanial activity of the methanol extract against Leishmania donovani ATCC 39930D. The antimalarial activity was assessed by testing the extract against Plasmodium falciparum D6. The antibacterial, antifungal and antiparasitic activities were reported as IC 50 and IC 90 values. Extracts which display IC 50 values o10 μg ml − 1 were considered active.
Based on reports in the literature about the characteristic antibacterial activity of the compound class ENs, 2,3,8 the antibacterial activity was retested against Staphylococcus aureus Xen 31 (methicillin-resistant Staphylococcus aureus) (PerkinElmer, Waltham, MA, USA) in an Agar disc diffusion method for antibacterial screening 14 at the amounts of 0.06 and 0.15 mg. Antibacterial activity of extracts was categorized according to the size of the zone of inhibition (412 mm, highly active; 49 and o12 mm, moderately active; o12 mm, inactive).
LC-MS-based screening PfTrxR inhibitor assay
All chemicals, reagents, sample preparation and LC-MS analytical conditions used in the P. falciparum thioredoxin reductase (PfTrxR) inhibitory activity assay were the same as those of the previously published methods. 15 The methanol extract of the endophyte at 0.01 mg ml − 1 in 1% dimethyl sulfoxide was incubated with 0.5 mM PfTrxR enzyme and 200 mM NADPH in the assay buffer (PE buffer: 100 mM potassium phosphate and 2 mM EDTA, pH 7.4). The reaction of enzyme was initiated by adding 2.5 mM Trx-S 2 and incubated at 25°C for 30 min. The reaction was stopped by addition of 0.1% formic acid. The reaction mixture was filtered through a 30-kDa molecular weight cut-off ultra-filtration membrane after centrifugation at 13 000 r.p.m. at 20°C for 10 min. The filtrate including the reaction product (Trx-(SH) 2 ) was analyzed by LC-MS. A control experiment (without inhibitor) was performed the same way and the amount of thioredoxin dithiol (Trx-(SH) 2 ) which is the end product of PfTrxR enzyme was used to reference the activity in the test sample of the methanol extract. The reference compound was bis-2,4-dinitrophenyl sulfide with an IC 50 value of 0.52 μM.
RESULTS
Identification of compounds by positive ESI-LC-MS
By using 0.1% formic acid in water as solvent (A) and methanol as solvent (B) in a gradient elution as mobile phase and C 18 reversed phase as stationary phase, with elution time 42 min and in a (+) electrospray ion mode, we obtained six chromatographic peaks as shown in Figure 1 and summarized in Table 1 . The identification of six compounds (Figure 2 ) in the methanol extract was performed by LC-MS based on accurate mass measurement, molecular formula, double bond equivalent, tandem mass spectrometry fragmentation and was confirmed by comparison with the previously available MS data of the compounds under study. 11, 12, 16 The ENs that were detected in the methanol extract of F. tricinctum have the same basic skeleton with different substituted groups R 1-6 ( Figure 2) . They have the same tandem mass spectrometry fragmentation pattern characterized by the cleavage of amide and ester bonds ( Table 1 and Figure 3 ). The observed fragmentations agreed with those previously published in the literature for ENs A, A1, B and B1 11 , and B2. 16 Biological activity Antibacterial, antifungal, antimalarial and antileishmanial activities. The antimicrobial activities of the methanol extract of the fungus F. tricinctum containing six ENs (A, A1, B, B1, B2 and Q) tested against Gram-positive and Gram-negative bacteria and fungi, and antimalarial activity yielded IC 50 values of 410 μg ml − 1 . Antileishmanial activity of the methanol extract against L. donovani was determined as mild with IC 50 values closer to the threshold 10 μg ml − 1 . The restest of the extract against Staphylococcus aureus Xen 31 (methicillin-resistant Staphylococcus aureus) showed mild activity with inhibition zones within the threshold of activity.
PfTrxR inhibitory activity
The methanol extract of F. tricinctum showed inhibition of the activity of PfTrxR enzyme by a factor of 95% at 100 μg ml − 1 . From these results and the presence of the antimalarial enniantin B against P. falciparum K1, 1 we concluded that the mechanism of action might be due to inhibition of PfTrxR enzyme.
DISCUSSION
LC-MS and LC-MS/MS analyses of the methanol extract of the endophytic fungus F. tricinctum led to the identification of six EN antibiotics (A, A1, B, B1, B2 and Q). This study reports EN Q as a new EN analog and EN B2 is reported here for the first time in the endophyte and their identification was based on the characteristic MS fragmentation (Figure 3) . The methanol extract of ENs showed mild antibacterial activity. The methanol extract of F. tricinctum showed inhibition of PfTrxR enzymatic activity. The methanol extract showed also mild antileishmanial activity against L. donovani ATTC 39930D with the IC 50 value = 16.96 μg ml − 1 and the IC 90 value = 30.4 μg ml − 1 . Table 1 Retention times and mass spectral data of the chromatographic peaks depicted in Figure 1 obtained from 
